Abstract Wastewater from an Akzo Nobel production site contains refractory sulfur components (cyclic thioethers). These components end up in the effluent of the existing biological wastewater treatment plant. The possibilities of (partial) oxidation and increasing biodegradability by ozone treatment for these types of compounds have been investigated. Ozonation experiments were carried out at laboratory scale, varying pH, temperature and catalysts. Biodegradability was evaluated from BOD measurements and BOD/COD ratios. Ozonation experiments at pH = 10 without catalyst addition or heating were found to give the best results with the simplest means: COD was removed for 80-90% and biodegradability increased from BOD/COD = 0.2-0.3 to > 0.7. These results could not be improved any further by adding catalysts like iron and manganese (hydr)oxides or activated carbon, by heating or by further increasing pH. Aftertreatment at pH = 10 required about 3 kg ozone per m 3 for about 80-90% removal of the total COD. This results in high annual operating costs and is therefore less suitable in practice. Biodegradability already increased to 60% at COD removal of 50% and ozone consumption of 1.4 kg/m 3 wastewater. On the basis of these findings, it was calculated that ozonation has potential as pretreatment for a side stream containing the major fraction of the cyclic thioethers mixture.
Introduction
Biological processes are the most common treatment methods for industrial wastewater flows containing a variety of organic components. Many industrial wastewaters, however, contain some refractory organic compounds that are hardly or not at all biodegradable. In these cases further measures are often necessary to fulfill discharge requirements. Ozone treatment in general is potentially suitable for (partial) oxidation of nonbiodegradable components (Jochimsen and Jerkel, 1997; Beltran et al., 1999) . Oxidation can be used as a pretreatment to improve biodegradability or as an aftertreatment for residual COD removal. Besides complete oxidation of components to CO 2 and H 2 O, ozone can also partially oxidize components. When the biodegradability of the partial oxidation products is improved, consecutive biotreatment becomes interesting. This is an important issue in industrial wastewater treatment since the use of ozone is expensive as compared to biotreatment.
The industrial wastewater in this study contains a nonbiodegradable fraction consisting of a mixture of cyclic thioethers. These compounds end up in the effluent of the existing, biological wastewater treatment plant on the production site. Cyclic thioethers have a ring structure with one or two sulfur atoms. Linear thioethers in general were found susceptible to oxidation by ozone leading to sulfoxides and sulfones in high yields (Bailey, 1982) . So, reactivity toward cyclic thioethers containing the same type of carbon-sulfur bonds is also expected.
In this study the (partial) oxidation of cyclic thioethers by ozone is tested for an industrial wastewater from an Akzo Nobel production site and its effect is determined on the wastewater biodegradability.
A lot of metal ions with more than one valence state are known to be potential ozonation catalysts (Ma and Graham, 1998; Ni and Chen, 2001) . Iron and manganese (hydr)oxides are cheap, relatively harmless examples. Therefore, the effect of these catalysts in the ozonation of cyclic thioethers containing wastewater was measured.
Experimental
Experiments were carried out in a laboratory set-up (see Figure 1) , which consisted of an ozone generator (Fischer OZ 503), ozone analyzers (Fischer Ozotron 23) and a 3-litre jacketed, glass reactor.
Ozone was generated in an oxygen flow varying from 40-60 litres/hour at a concentration of about 40-60 g/m 3 ozone. Ozone concentration in incoming and outgoing gas flow to and from the reactor were measured in time. In an ozonation experiment the reactor was filled with wastewater and optionally a catalyst. Reactor contents were stirred during ozonation, temperature and pH were continuously measured and controlled. Wastewater samples were taken and filtered over 0.45 µm. The following sum parameters were analyzed. Chemical oxygen demand (COD) values were measured spectrophotometrically using Dr. Lange reagent sets. Nonpurgeable organic carbon (NPOC) concentrations were determined with a Shimadzu TOC analyzer. Biological oxygen demand (BOD) values were measured in closed bottle tests with oxygen concentration measurements after 7 and 28 days. Biodegradability was evaluated from BOD values and BOD/COD ratios. When BOD 28 /COD > 0.7, a wastewater is assumed to be readily biodegradable in an adapted, activated sludge wastewater treatment plant.
Iron and manganese hydroxides were prepared freshly from their chloride salts, since the catalytic effect was supposed to be strongest for fresh (hydr)oxide surfaces. Slurries of 22 wt.% MnO 2 and slurries of 7 and 12 wt.% Fe(OH) 3 were prepared and applied in a weight ratio of catalyst (as Fe or Mn) concentration/COD t=0 = 0.5 (wt/wt). An overview of ozonation experiments performed is given in Table 1 .
Wastewater characteristics
Two slightly different wastewater batches were used in this study (R and Af series in Table 1 ). The batches are effluent samples from a biological wastewater treatment plant of an Akzo Nobel production site. The effluent is rather saline: it contains 12 g/l chloride and 9 g/l sulfate. Effluent samples contain approximately 1,150-1,300 mg/l COD. An average molecular formula of C 5 H 10 O 2 S 1.5 is assumed for the mixture of thioethers. Concentration of thioethers in the samples studied here is calculated as 650-750 mg/l. The BOD 7 /COD and BOD 28 /COD ratio of the original wastewater was slightly different for the two effluent batches used. On average, BOD/COD is about 0.15, which means that 15% of total present COD is biodegradable. 
Results and discussion
An overview of the main results is given in Table 2 . Highest COD removal percentages were obtained for the group of experiments performed at pH = 10. When no pH control was used (experiments R1, Af1 and Af6), the original pH of wastewater (pH = 7-8) dropped after 20-40 minutes to a value of about 3-5. This was due to oxidation of organic material and the formation of acids and acidic groups. COD final removal percentage increased when pH in the reactor was raised to a value of 10 (see Figure 2 ). An increase to pH = 12 did not further improve COD removal. Time corresponds to ozone dosage in Figures 2-5. For example, ozone consumption was about 40 mg/minute in experiments R3 and Af6, which was 80% of influent ozone in the feed gas.
The effect of pH is ascribed to the initiating effect of hydroxyl ions on the decomposition of ozone, leading to the formation of OH radicals (Staehelin and Hoigne, 1982) that can react with the cyclic thioethers. The oxidation by the ozone molecule is more selective than the nonselective oxidation by OH radicals, but ozone is a less powerful oxidant. So, it depends on the matrix of the wastewater whether radical formation is favorable. Here it can be applied since the main part of the COD is formed by the target components.
At standard pH (no pH control) a slight improvement in the COD removal percentage was found when the temperature of the wastewater was increased from 20°to 50°C. However, at pH = 10 the COD removal rate and final COD level could not be improved further by a temperature increase to 50°C (compare experiments R3 and R5). COD removal was slightly lower during the first 20 minutes in the experiments at 50°C. The reaction rate between ozone and thioethers is expected to increase with temperature. The effect might be counteracted by the decreased solubility of ozone and increased generation of OH radicals at higher temperature. Actual reaction rates were not measured.
Activated carbon is known as a potential ozone oxidation catalyst (Ecoclear process; Lin and Lai, 2000) . At first glance, the addition of 1.2 g/l suspended, activated carbon seemed to improve COD removal (experiment Af7). When only 1.2 g/l activated carbon and no ozone at all was applied (experiment R2), COD removal was about the same as for the experiment with ozone. So, the effect of carbon was probably due to both adsorption and oxidation. An extra catalytic effect of activated carbon on the removal obtained through adsorption alone was not found under these conditions.
Effect of iron and manganese catalysts.
Iron catalyst addition improved COD removal slightly at pH = 4 in comparison to the standard experiment (see Figure 3) . At pH = 10, COD decrease was even stronger than for pH = 4, but it was about the same as in the experiment at pH = 10 without iron catalyst addition. Apparently, the effect of pH was overruling the effect of the catalyst. Addition of the suspended manganese oxide catalyst gave a comparable result (see Figure 4 ): manganese addition improved COD removal but at pH = 10 no additional effect was found. Overall, iron (hydr)oxide performed slightly better as a catalyst than manganese (hydr)oxide. Thioethers can also adsorb to the iron or manganese surface. Adsorption was checked in separate experiments without adding ozone. About 12% and 4% of the COD was adsorbed to iron (hydr)oxide and manganese (hydr)oxide, respectively. So, most of the removal result in the Fe-and Mn-catalyzed ozonation experiments was due to oxidation.
The addition of dissolved manganese sulfate gave about the same COD removal as addition of the same amount of suspended manganese (see Figure 4) . Finally, dissolved iron (II) chloride was used as a catalyst. Results at pH = 3-4 were comparable to suspended iron at the start of the experiment (see Figure 3) . A dark brown precipitate was formed after approximately 15 minutes ozonation: iron (III) hydroxide. An interesting result was the comparison with experiment R11 where Fe(OH) 3 slurry was used: after about 100 minutes ozonation COD decrease almost stopped in experiment R11 at COD = 900 mg/l, but it decreased further to about 500 mg/l in experiment R12. This improvement might be due to the in-situ formation of a fresh Fe-hydroxide surface in experiment R12. A comparable effect is mentioned for in situ formed manganese surfaces (Ma and Graham, 1998) . Effect of ozonation on biodegradability. The results of the BOD/COD ratio varied but the overall view of the many biodegradability results was very clear. Highest BOD/COD ratios after ozone treatment were found in samples from experiments performed at pH = 10 and for the experiment with manganese oxide catalyst Af9 (pH = 7.5). This result is in line with the best results based on COD reduction. A general pattern was found for the course in time of the increase in biodegradability (see Figure 5 ): a rapid increase during the first 60-100 minutes of ozone treatment. Hereafter BOD/COD ratio stayed more or less constant during 1-2 hours. Finally, a further BOD/COD increase was noticed in only two experiments (Af6 and Af9). COD concentration is decreasing more or less linearly during ozonation time.
The same kind of rapid increase followed by a plateau or even a peak in biodegradability has been found by other authors (Beltran et al., 1999; Yu and Yu, 2000) . It suggests the following two treatment options: first, aftertreatment of the studied effluent at pH = 10. It requires 2.7 kg ozone per m 3 for about 80-90% removal of the total COD. Final COD is about 270 mg/l and is within the requirements. This treatment results in high operating costs of about eur 3.5/m 3 (for oxygen, energy and chemicals). It is therefore less suitable in practice. Secondly, partial oxidation. Biodegradability already increased to 60-70% at a COD removal of 33-50% and ozone consumption of 1-1.4 kg/m 3 wastewater. On the basis of these findings, it was calculated that ozonation has potential as pretreatment for a side stream containing the major fraction of the cyclic thioethers mixture. Assuming the same O 3 /COD removed ratio of 3 (see Table 2 ) in the pretreatment as in experiment R3, operating costs would drop to about eur 1.4/m 3 . Total annual costs would decrease even more since the side stream flow is only 20% of the total effluent flow. The cyclic thioethers are now partially oxidized, and the oxidation products can be biodegraded in the subsequent, existing biological treatment. Ozonation as pretreatment in the side stream will, however, take place under quite different conditions: on the positive side, the concentration of thioethers (the target components) is higher, but on the other hand more other easily biodegradable organic compounds are present that will also consume ozone. So, this option has still to be investigated in future experiments. Figure 5 Residual COD and biodegradability of thioether wastewater after ozonation at pH = 10
